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Electron microscopy for S-Se alloys.
Core-loss Electron Energy Loss Spectroscopy (EELS):
Fig
HRTEM of equimolar S-Se alloy:
The presence of S-Se phase was also confirmed by true atomic resolution TEM images. 6. Additional ab-initio data. between them. The HOMO-LUMO gap is the energy required for electrons in the highest occupied molecular orbitals to move to the closest lowest unoccupied molecular orbital thereby indicating the stability of the orientation, the higher the HOMO-LUMO gap, the more stable the orientation. The dipole moment is an indication of the electrical polarity between the two species, the higher its magnitude the stronger the affinity between the two species in that particular orientation. The equilibrium constant sets the direction of the reaction, the closer to zero its value, the likelier the backward reaction, the closer to one the likelier both forward and backward reactions, the forward reaction is predominant for high values of K (> 100). Infrared and Raman activities are both related to the electron mobility (polarizability), the higher the IR frequencies the lower the electron mobility and the stronger the bond, the higher the Raman frequency the higher the electron mobility and the weaker the bond. The group contribution method legitimates this approach in that in polymeric structures, infrared and Raman spectra tend to match those of the single monomer whose repetition constitutes the whole polymer (35). Infrared and Raman fingerprints of the smallest unit can thus give good qualitative insights about the structure of the whole polymer.
The data are compiled in Knowing that Se 8 alone is a non-polar molecule (zero net dipole moment), the dipole moment (0.4646 Debye) displayed by the layered combination of two Se 8 further indicates a good interaction between the two molecules (in that specific orientation).
Fig. S11. Chemical nature of the polarity between Se 8 and S 8 in the transverse orientation. A)
Highest occupied molecular orbital (HOMO) for Se 8 S 8 . B) Total electron density for Se 8 and S 8 , the more red, the area the greater the electron population density; the more blue the area, the smaller the electron population density. C) Mulliken charges of the alloy depicted in Fig. 4a showing the dipole moment of the alloy. The more red the atom the more negatively charged the atom is, the more green the atom the more positively charge the atom is. In A), B) and C), Se 8 is on the right and S 8 is on the left.
To illustrate this significant charge migration from selenium to sulfur leading to two non-polar chemical species to come together and form a very polar compound, we computed the total electronic density of the compound to see the spatial distribution of electrons in the transverse orientation ( fig. S11B ). We observed that the area comprising sulfur (the area mostly red), has a much greater electronic population than the area comprising selenium (the area mostly blue). This glaring non-uniform distribution of electrons across the compound can only come from a configuration that maximizes constructive orbital mixing, the transverse orientation (see orbital mixing in Se 8 S 8 HOMO in fig. S11A ). The direct result of this non-uniform electron distribution is the dipole moment shown in Fig. 4A and fig. S11C .
Influence of concentration in synthesis in Sulphur-Selenium alloys
As mentioned in main text, the viscoelastic behavior of Sulphur-selenium alloys is composition specific.
Two different compositions of S-Se alloys were synthesized by equal mole and weight ratios of the raw materials. With the structural and mechanical properties of equimolar concentration described in detail in the main text, this section describes structural and mechanical properties of equal weight concentration of S-Se alloys. Raman spectrum as shown in fig. S12A indicates the presence of three main peaks corresponding to 252 cm-1, 374 cm-1 and 450 cm-1 corresponding to S-Se, S-Se and Se-Se phonon vibrations respectively. Interestingly this composition does not have the presence of Se-Se bond vibrations as seen equimolar concentrations (Fig. 1D) . The XRD peaks also show the absence of pure Se (hexagonal) in the sample. ( fig. S12B ) The background in the XRD indicates that equal weight alloy has an amorphous phase too. The XPS ( fig. S12E ) confirms the presence of S and Se in the alloy with positive charge on Se and negative charge on S similar to equimolar alloys. However, in this case, the concentration of Se is low as compared to molar concentrations. (table S2) The equal weight concentrations of S-Se was also subjected to compression test under similar conditions as equimolar concentrations ( fig. S12C,D) . The SSe alloys fail to show viscoelastic behavior and only behaves as ductile material. As described in the main text, the driving force behind the viscoelastic behavior of alloys is the repulsion from dipole moments of Se-Se. Since in the equal weight concentration alloy of S and Se, only the attractive S-Se bonds are present and repulsive Se-Se bonds are absent, the material behaves in ductile fashion rather than being rubbery. 
Optical properties of equimolar S-Se alloy.
The optical properties of the equimolar were measured both at the microscale and macroscale using UVVis spectroscopy. The band edge absorption for the alloys is observed to be at 2.21 eV. In-situ pressure dependent Raman tests was performed on the S-Se alloys using a home-made setup. A more detailed description of the setup is given in method section. Up to 4Mpa pressure was applied on the sample which completely compressed it. Figure S18A shows the variation in Raman spectrum with pressure applied. It is seen that the Raman vibration modes at 252 cm-1; corresponding to Se-Se+Se-S vibrations increase with the pressure applied which indicates the increase in the interaction of intermolecular and intramolecular bonds. Thus, during compression, the interlayer Se-Se bonds reduce and two Se molecules come to each other as proved by computational calculations.
11. Electrochemical properties vs. Li/Li. To investigate the electrochemical properties of S-Se composite electrode, cyclic voltammetry, electrochemical impedance and charge-discharge cycling studies have been performed against lithium metal. Cyclic voltammograms (CVs) have been recorded at a scan rate of 0.2 mV s -1 between a potential range of 2.7 to 1.7 V (fig. S18A ). The CV pattern of S-Se composite cathode shows well refined anodic peak at 2.35 and two cathodic peaks consists of broad features at 2.3 and sharp peak at 1.9 V corresponding to the lithium polysulfide conversion reactions. Figure S18B display the Nyquist plots (impedance results) corresponding to initial, after 1 and 5 cycles of CVs, which composed of a semicircle at high frequencies attributed to the charge transfer resistance and an unfinished semicircle with short inclined line in the low frequency region due to diffusion within the cathode. After 5 cycles, the electrolyte resistance slightly increases due to dissolved polysulfides in an electrolyte, which intern increases the viscosity. On the other hand, charge transfer resistance decreases after the first few cycles due to formation of solid-electrolyte interface ( fig. S18B ) and thus an indication for cycling stability.
The charge-discharge voltage profiles of S-Se composite cathode upon cycling at current rate 0.1 C are shown in fig. S18C . As resembles to CV curves, two discharge plateaus related to the formation of longchain polysulfides/polyselenides (Li2Sx/Li2Sex, 6≤ x≥8) at 2.35 V and simultaneous disproportion to short chain polysulfides/polyselenides at 2.0 V. Figure S18D shows the cycling behavior of composite cathode for 100 cycles at 0.1 C rate with an excellent coulombic efficiency of ~99%. Li-S/Se cell shows capacity loss first few cycles, as it is not unusual as conversion of lower polysulfides to higher polysulfides has not been reported to be completely reversible. Thus, advantage of using S-Se composite electrode to enhance reversibility of dissolved polysulfides intern an improved capacity retention behavior expected from the present study. 
